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Variable Fuel Grains Burn Velocities to Reduce
Solid-Rocket-Motor Pressure Oscillations

Jérome Anthoine,* Patrick Jézéquel,” Michel Prévost,* and Pierre Prévot®
ONERA-The French Aerospace Lab, 31410 Mauzac, France

and

Grégoire Casalis'
ONERA-The French Aerospace Lab, 31055 Toulouse, France

Large solid rocket motors are subjected to pressure oscillations for which the origin lies in the coupling between
hydrodynamic instabilities and the first longitudinal acoustic modes of the combustion chamber. Static firing tests
using two propellant grains in the combustion chamber have been performed. The pressure oscillation amplitude can
be strongly modified by varying the burn velocity ratio between the two solid fuel grains. The pressure oscillations are
significantly reduced when increasing the burn velocity of the upstream grain and are higher in the opposite case.

I. Introduction

ARGE solid rocket motors (SRMs), such as the U.S. space

shuttle redesigned solid rocket motor, the Titan SRM, and the
European Ariane 5 P230 moteur a propergol solide, have between
three and seven segmented propellant grains, depending on the motor
version. Such grain segmentation conducts to low-amplitude but
sustained pressure and thrust oscillations, which are present during
the second half of operation and appear as discrete bursts for which
the frequencies remain close to the first longitudinal acoustic mode
ones. The amplitude of these oscillations is not very high (a few 10ths
of 1% of the mean pressure but several percent of the mean thrust) but
seems to be very sensitive to the environmental conditions. Although
such oscillations do not jeopardize the launcher operation, the
acoustic mode frequencies are sufficiently low (considering the size
of the motors) to possibly introduce coupling phenomena with the
launcher’s structural modes, and these modes can be consequently
transmitted to the payload. Thus, although apparently innocuous,
these oscillations have to be controlled.

The oscillations can be induced by unavoidable instabilities that
develop in the combustion chamber. Efforts to understand and predict
the onset of these oscillations continue to receive attention in the
propulsion community [1-3], particularly in the framework of the
P230 Programme with the primary booster for the European Ariane 5
launcher [4-7]. For more than 20 years, studies have been carried out
in France, especially through the Aerodynamics of Solid Segmented
Motors and Pressure Oscillations programs conducted by the Centre
National d’Etudes Spatiales (CNES). The main purposes are the
identification of the various origins of these instabilities and the un-
derstanding of the conditions and the mechanisms of their devel-
opment [4]. A more recent research and development program
(CNES/ONERA-The French Aerospace Lab/Herakles) dedicated to

thrust oscillations has allowed us to stress the effects of new
parameters and the role of certain couplings between the different
phenomena, and finally, to propose practical solutions in order to
avoid or at least reduce them. Anthoine [5] recently presented an
educational note inspired by the research work conducted jointly by
ONERA-The French Aerospace Lab (ONERA) and Herakles under
the authority of the CNES.
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II.

Although resonant combustion and acoustic instabilities such as
those studied by Culick [8] and Kuentzmann [9] were originally
believed to be the only causes of thrust oscillations, hydrodynamic
instabilities of the flow inside the motor have been shown to provide
additional sources of perturbations. Hydrodynamic instabilities are
caused by unstable flow, featuring vortex-type structures. The first
suggestion of acoustic mode excitation by vortex shedding in solid
rocket motors was made by Flandro and Jacobs [10], who linked the
oscillations to the hydrodynamic instability of the shear regions of the
flow and to the coupled response of the motor. Three possible sources
of instabilities may be invoked [11]: angle vortex shedding produced
by a shear layer created by a chamfered propellant edge; obstacle
vortex shedding (OVS) related to the presence of an obstacle such as a
frontal thermal protection; and surface (or parietal) Vortex Shedding
(SVS), which does not come from a geometric irregularity but results
from an intrinsic instability of the internal flow.

The last instability (SVS) can only develop in SRMs with a large
L /R aspect ratio. This type of motor can be idealized as a long porous
cylinder (without obstacle) in which a Taylor—Culick type of motion
may be engendered [12,13]. The resulting bending flow features a
natural instability that is potentially capable of generating vortices.
This instability, known as velocity coupling [14] in the early 1960s,
was first investigated through dedicated hot-gas experiments [15].
This mechanism, called SVS today, has also been identified in
different computations [16,17] and through cold-flow experiments
[2,17-20].

In parallel, Flandro [21] proposed a theoretical approach based on
the vortical/acoustical energy balance, which places the acoustic
mode at the core of the phenomenon. More recently, Chedevergne
and Casalis [22], Chedevergne et al. [23], Casalis et al. [24] and
Chedevergne et al. [25] developed a global approach of the linear
stability theory in which the SVS is modeled as a hydrodynamic
instability of the flow induced by porous walls in cylindrical ducts.
Compared to alocal approach, the global one is better adapted to take
into account nonparallel effects (namely, the uniform axial acceler-
ation of the average velocity) and to explain the fact that pressure
oscillations appear at isolated frequencies, whereas the local ap-
proach leads to a continuous branch of amplified frequencies. The
incompressible Navier—Stokes equations are normalized by the radial
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Fig.1 Theoretical SVS eigenmodes [24] and comparison of the measured frequency tracks with recovered theoretical modes for a typical LP9 firing test.

position R of the propellant surface, the mean injection velocity vj;,
and the reference time R/v,;. Thus, the aspect ratio L/R and the
injection Reynolds number, Re = v;,;R/v, appear as nondimen-
sional parameters that are slightly varying during the firing. It is
assumed that the timescale of this variation is much larger than the
one of the instability modes. The stability analysis is then performed
for different frozen values of Reynolds numbers. Including the
boundary conditions, the global linearized Navier—Stokes equations
can be written, after discretization, as a matrix generalized eigenvalue
problem, AX = iwBX, where the operators A and B are defined in
[24]. The unknown complex eigenvalue is w, for which the real part
w, represents the circular frequency of the perturbation and the imag-
inary part w; the temporal growth rate. Negative values of the latter
correspond to damped modes, and the less damped branch of dimen-
sionless eigenvalues is plotted in Fig. 1a. Only discrete eigenvalues
are obtained, meaning that only discrete (dimensionless) frequencies
w, are expected to occur. Moreover, all the temporal growth rates w;
have negative values, indicating that the main flow is stable. On the
other hand, a rapid look at the spatial structure of the different
eigenmodes shows that each is strongly amplified with respect to the
distance from the head end. Thus, if an eigenmode is excited for some
reasons (spatial irregularity, acoustic modes, combustion noise, etc.),
a coherent structure will be generated downstream induced by the
spatial amplification, whereas simultaneously, the mode will be
damped with respect to time; the amplitude of the perturbation will
decrease up to the occurrence of a new excitation source.

For each firing, it is possible to estimate the temporal evolution
of the cylindrical cavity radius R and of the injection velocity viy;. As
a consequence, a stability analysis of an equivalent Taylor—Culick
base flow, performed at every time, allows for the rescaling of the
eigenvalues presented in Fig. 1a with the actual time. For a given
stability mode, one obtains a time evolution of the hydrodynamic
frequency through the relation f = (vi,j/27R)w,. Thus, a discrete
set of circular frequencies provides a network of SVS hydrodynamic
modes. Each mode of this network has a frequency that evolves
during the firing, as shown in Fig. 1b for a typical LP9 firing test. This

characteristic evolution is mainly due to the regression (conversely,
the radius increase) of the propellant combustion surface during the
firing. The theoretical frequency evolutions, represented by solid
lines, are compared, in the time-frequency plane, to the frequencies of
the pressure oscillations measured at the motor head end. The agree-
ment between the theoretical and the measured frequency paths is very
good. It has to be noted that the theoretical network from the biglobal
stability theory is calculated independently of the measurements.

Therefore, the measured frequency paths result from the intrinsic
instabilities of the mean flow generated by the combustion of the
propellant grain (SVS), and these intrinsic instabilities are identified
as the primary source of pressure fluctuations [23]. A possible sce-
nario can then be drawn out. For small values of the aspect ratio L /R,
the spatial growth of the perturbation is not sufficient to produce large
coherent structures. For intermediate values of L/R, these large
coherent structures are generated by the instability mechanism. They
pass throughout the nozzle, producing across the critical section
some perturbations: one being a pressure wave propagating upstream
(Fig. 2). This one has been measured in cold-gas setups, and this wave
is responsible of the signals measured at the head end of real motors
(Fig. 1b). For large values of L/R, the coherent structures are very
large and are expected to induce the transition to turbulence, as
measured in cold-gas setups [26]. The structures are more or less
dissipated by the turbulence so that the amplitude of the coherent
structures passing throughout the nozzle may become very small.
It can be recalled that, during a real firing, the value of L/R
is continuously decreasing so that different regimes may appear
successively.

The frequency paths arise around the acoustic modes and, in
particular, around the first one (Fig. 1b). It seems reasonable to
believe in an interaction between the intrinsic instabilities of the flow
and the acoustic modes. When a theoretical mode comes close to an
acoustic mode, it is amplified. Then, its frequency moves away from
the acoustic one until the following mode has arrived in the vicinity of
the acoustic mode. Consequently, a frequency path phenomenon is
observed.
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Fig.2 Proposed physical mechanism of pressure oscillations [23].



The hydrodynamic instabilities are globally damped in time, due to
the negative values of w,. So, to spark off the observed pressure
oscillations, these modes need to be excited. As the frequency ranges
of the measured pressure oscillations are always around the axial
acoustic modes frequencies, natural acoustics are a possible energy
source for the SVS. However, cold-gas experiments have shown that
characteristic SVS fluctuations can appear even if the acoustic
frequencies differ from the hydrodynamic ones [20]. In this case, the
possible energy source is the incoherent noise induced by the wall
injection. So, the acoustics (acoustic mode or environmental noise)
are only an exciting source for instability modes and is not at the core
of the thrust oscillations. Furthermore, the presence of geometrical
disturbances can also act as the excitation source of the SVS
instability.

So, both acoustic excitation and geometric perturbations yield the
appearance of the SVS hydrodynamic instabilities. In actual solid
rocket motors, the environmental conditions are rather noisy (com-
bustion noise mainly) and the boundaries are not perfectly smooth
(surface of the propellant grains, possible cavities between two
consecutive grains, progressive emergence of thermal protections in
the flow), so this excitation is unavoidable. In particular, the frontal
thermal protection is bent and ablated so that its protrusion is limited.
Then, acting more as a source of dispersion with respect to the
amplitude of the pressure oscillations, the frontal thermal protection
only modifies the SVS instability without generating OVS instability
(except for the last bursts of pressure oscillations in which the OVS
instability starts to play a role through a coupling with the SVS
instability).

Passive control of pressure oscillations remains the only possibility
of improving the SRM performance. To limit the pressure oscilla-
tions, the goal is to reduce the amplitude and the coherence of the SVS
hydrodynamic instability modes. The control of pressure oscillations
can then be reached by reducing either the acoustic excitation (i.e.,
by suppressing the aft-end cavity) or the geometric perturbations
[i.e., by using three-dimensional (3-D) geometries] exciting the SVS
instabilities. The benefit of suppressing the aft-end cavity was first
proved through cold flow experiments [27,28] and then confirmed
through hot-gas firing tests [29]. However, in the case of flight
engines, removing the cavity has an impact on the thrust vector
control system. The use of a 3-D geometry for the frontal thermal
protection of the aft propellant grain (referred to as segment S3)
provokes a 3-D effect in the internal gas flow that disorganizes the
SVS instability [30]. This was first tested using the ONERA LP6
reduced-scale engine with different shapes of the 3-D inhibitor [31].
Then, the most efficient 3-D geometry (at the instant of the third
pressure oscillation peak) was evaluated at full scale during a ground
firing test [32]. The ripping of the thermal protection makes it difficult
to confirm that the reduction in pressure oscillations is really due to
the 3-D motif. Moreover, the actual 3-D impact of this thermal
protection is not really proved.

Another possibility to reduce the pressure oscillations is to differ-
entiate the propellant compositions of the two last solid fuel grains
in order to generate a difference in burn velocity between them. This
solution was first tested by the Ecole Nationale Superieure de
Mecanique et d’Aerotechnique in a cold-flow test facility with
variations of a few percent of the cold-gas velocity ratio between the
two grains [33]. Since the result was positive in terms of pressure
oscillation reduction, hot-gas firing tests were conducted by ONERA
to confirm the reduction in a more representative environment. This
solution, at the core of the present paper, is further discussed in
Secs. IVand V.

Table 1

| &

Fig. 3 ONERA LP9 reduced-scale firing test facility before firing.

III. LP9 Firing Test Facility

Large-sized experiments are horrendously expensive, compli-
cated, and time consuming, whereas small-scale models are relatively
cheap: their geometry being simpler and modular. However, scaling
problems do arise and need to be considered. So, the approach con-
sists of using small-scale motors for precise and well-delimited
experiments to deepen the understanding of complicated phenomena
such as vortex-shedding-induced pressure oscillations. A thorough
knowledge of the basics underlying these instabilities permits us to
propose solutions for the reduction of the pressure oscillations. The
LP9 firing test facility is an axisymmetric, simplified, and modular
engine composed of two grains [7,29]. Figure 3 shows a photograph
of the test motor before firing. The LP9 facility has already been used
for more than 50 firing tests.

Direct thrust oscillation measurements are very difficult given the
scale of these oscillations (about 2% of the overall thrust signal), their
frequency, and the mass of the engine. Because it is far easier and
more precise to measure chamber pressure, and since thrust oscil-
lations are proportional to pressure oscillations, the LP9 engine is
equipped with pressure sensors at both the head end and aft end. The
main characteristic of the time evolution of the pressure fluctuations
is the existence of frequency paths (Fig. 1b). As itis a time-frequency
phenomenon, the unsteady component of the pressure signal is
analyzed using a short-time Fourier transform or the Hilbert trans-
form in order to get the time evolution of the pressure fluctuations
frequencies. The Hilbert transform [34] consists of tracing the most
amplified frequency and its associated amplitude for each time step,
using a frequency window around one acoustic mode. The process is
applied to the first three acoustic modes.

Besides pressure transducers, ultrasonic sensors are fixed on the
fuel grain to measure the radial position of the surface of the propel-
lant at every instant of the firing. The ultrasonic measurement tech-
nique has been developed for many years for solid propellant appli-
cations [35]. The principle is to emit, from an ultrasonic transducer,
a wave that travels through the tested materials, bounces off the
regression surface, and comes back to the transducer. Dedicated
software calculates the instantaneous regression rate V, of the solid
propellant grain from the travel time of the ultrasonic wave. In the
present experiments, this technique allows us to determine the burn
velocity ratio.

Table 1 presents the test matrix for the influence of the fuel grain
burn velocity ratio. Two different motor configurations are consid-
ered, depending on if the nozzle is integrated or not (Fig. 4). For each

Static firing test database with different burn velocity ratios between the solid fuel grains

Configuration 1

Configuration 2

Reference test (V;, ¢» =V, ¢3): LP9-15

Reference test (V, o =V}, ¢3): LP9-15

Burn velocity ratio  Testcase 1 (Vj, 50 <V, 53) Testcase2 (V5 > Vy53) Testcase 1 (V50 <V,53) Testcase2 (V50 > V) 53)

1.12
1.26

LP9-17

LP9-16

LP9-42 LP9-43

3
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Fig. 4 Sketch of the configurations of the ONERA LP9 reduced-scale firing test facility.

configuration, two different test cases (Fig. 5) are compared to the
reference test (Vj, 5o = V), 53): test case 1 (V5o <V}, 53) and test
case2 (V52 > V) 53)- The increased burn velocity of the accelerated
composition is obtained either by changing the distribution between
the fine and small particles of ammonium perchlorate or by adapting
the percentage of catocene. With the fuel compositions being swap-
ped between the test cases (fuel composition of S2 [S3] of test case
1 = fuel composition of S3 [S2] of test case 2), the burn velocity
ratios are inversed between test cases 1 and 2.

IV. Test Results for Configuration 1

The first configuration considers an external nozzle without aft-
end cavity (Fig. 4, top). The reference test is the LP9-15 (with the
nominal propellant composition for both fuel grains). The accelerated
composition is obtained by changing the distribution between the fine
and small particles of ammonium perchlorate. This composition is
used for the S2 grain of the LP9-16 test case and for the S3 grain of the
LP9-17 test case, with the other grain of each test case being made out
of the nominal composition. Finally, an additional firing test (LP9-
18) uses the accelerated composition for both fuel grains.

Reference test

Figure 6a provides the steady pressure evolutions for the four firing
tests. The evolutions from the LP9-16 and LP9-17 firing tests differ
from that of the reference test (LP9-15) by pressure levels and
burning times, because part of their propellant has a higher regression
rate. The LP9-18 firing test has even higher pressure levels, since both
grains have a higher regression rate.

To compare the firing tests, the time axis is normalized by the time
between the initial pressure rise and the first pressure drop (Fig. 6b).
This dimensionless time allows separation of the period during which
combustion of both grains occurs (7,4, < 1) from the period during
which only one grain is still regressing (f,qim > 1).

Since the ultrasonic sensors were not yet implemented on the LP9
test facility when these experiments were performed, there is no
possibility to get an experimental characterization of the fuel grain
burn velocity ratio. This ratio is then deduced using the zero-
dimensional simulation tool Vérification Simple de Données
Balistiques (VSDB) developed by ONERA. The tool provides the
temporal evolution of the steady pressure P(f):

Sp (1)
Acol (Z)

P() = ("‘i/p,,awmncfh 0

Test case 1

r

,_!._
"1 Nominal composition
I Accelerated composition

Test case 2
Fig. 5 Different test cases of the LP9 facility for the burn velocity ratio database (configuration 2).
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Fig. 6 Steady pressure evolution for configuration 1 with burn velocity ratio of 1.26.

where a and n are the coefficients of the regression rate law V(1) =
a[P(1)]", p, is the propellant density, cj, is the theoretical charac-
teristic velocity, S, (¢) is the combustion surface, and A (#) is the
nozzle throat section. The scale effect coefficient 4 and the hump
effect H(¢) modify the a coefficient, whereas the combustion effi-
ciency 7 influences the theoretical characteristic velocity.

The VSDB code operated initially with the burnt thickness as a
variable. This procedure based on a predefined burned thickness step
assumed that the propellant composition was the same for all the
grains and that they burned at the same rate, which does not allow
simulating grains with different burn velocities. VSDB has been
modified so that the calculation progresses according to a predefined
time step. At each time step, the program calculates the burned
thickness of each grain on the basis of the regression rate of the grain
determined in the preceding time step. The burned thickness can thus
be different, depending on the fuel grain. Then, the program calcu-
lates the combustion surface of each grain Sg; from the load geometric
data and the stationary pressure is obtained by the following formula:

VSDB tool is then applied, with the same parameters (Table 2), to
the LP9-16 and LP9-17 firing tests. There is a good match between
the calculated and the experimental data for both firing tests (Fig. 7b),
indicating that the burn velocity ratio between the grains is equal to
1.26 (from Table 2).

Figure 8 shows the Hilbert transform of the unsteady pressure
signals around the first longitudinal acoustic mode frequency. The
unsteady pressure amplitude is normalized by the P conventional
value, the time by the same procedure as mentioned before, and the
frequency by the first longitudinal acoustic mode frequency. A
significant reduction of pressure oscillations is observed for the LP9-
16 test compared to the reference test (LP9-15), and the instabilities
are no longer organized in the frequency domain. On the other hand,
the instability amplitudes for the other test (LP9-17) remain similar to
those of the reference test for the first time period (for 7,4;,, < 1) and
are still associated to frequency paths. When only combustion of the
S2 grainremains (,4;,, > 1), aninstability with a very high amplitude
is observed and its time evolution presents two long frequency paths.

(I=nmoy)
P(t) = y\//’p,sﬂsﬁmHm (Dn1s1¢t51

The regression rate of each grain is then calculated by the formula
Vy.si(t) = agidsiHg;()[P(¢)]"~, which finally gives the burned
thickness at the next time step. The initialization is done with the
initial combustion surface of the different grains.

The LP9-15 (nominal propellant) and LP9-18 (increased burn
velocity) firing tests are used to calibrate the parameters of the VSDB
tool for each propellant composition. These parameters are provided
in Table 2, and the comparison between the calculated steady pres-
sure evolution and the experimental data is shown in Fig. 7a. The

Ss1(2)
Acol(t)

+ pp.saasatsaH s (Dnsa¢ 50

Ss(2)

4 ... 2
Acol(t) ( )

It could be associated with the presence of a large cavity without flow
injection in the rear part of the engine.

The steady pressure evolutions for the LP9-16 and LP9-17
firing tests differ too much from the pressure evolution of the
reference test to be useful in a flight engine. It follows that the burn
velocity ratio of 1.26 is too high to consider implementing this
solution on a full-scale solid rocket motor. A more realistic burn
velocity ratio of 1.12 has been tested in configuration 2 with an
integrated nozzle.

Table 2 VSDB parameters for modeling the steady pressure evolution of firing tests LP9-15
and LP9-18

Nominal propellant composition Increased burned velocity composition

Regression rate

6.4 mm/s (at 4.5 MPa)

8.1 mm/s (at 4.5 MPa)

Exponent of regression rate law n 0.22
Combustion efficiency #, % 98
Scale effect coefficient 1 1.035

0.22
98
1.035
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Fig. 8 Hilbert transform on the first longitudinal acoustic mode of the
unsteady pressure signals for configuration 1 with a burn velocity ratio of
1.26.

V. Test Results for Configuration 2

The reference test of configuration 2 (LP9-24 firing test) has an
interblock cavity, an aft-end cavity, and a submerged nozzle. The
propellant composition for the two blocks of this reference test is a
Butalite with 3% of catocen. The burn velocity ratio is obtained by
combining one grain of this composition with another grain from a
Butalite with 4.6% of catocene. The value of the burn velocity ratio
is deduced from the application of the ultrasonic measurement
technique.

Figure 9 provides the time evolutions of the propellant thicknesses
measured by the ultrasonic sensors located along grains S2 and S3 for
the LP9-43 firing test. Deduced regression rates are also plotted in
Fig. 9. The propellant regression rate at 4.5 MPa is computed as the
average value of the ultrasonic sensor measurements when the steady
pressure is between 4 and 5 MPa. It is equal to 10.6 mm/s for the S2
grain with the accelerated propellant composition (4.6% of catocene)
and equal to 9.5 mm/s for the S3 grain with the nominal propellant
composition (3% of catocene). Based on these values, the burn
velocity ratio (V, 5,/ V}, 53) is equal to 1.12.

Figure 10 shows the steady pressure evolution for configuration 2
with aburn velocity ratio of 1.12. The evolutions from the LP9-42 and
LP9-43 firing tests differ from that of the reference test (LP9-24) by
pressure amplitudes and burning times, for the same reason as before.
A different evolution of the steady pressure is observed when the
rear end cavity has fully burned. The corresponding dimensional
time appears earlier for the LP9-43 firing compared to the reference
test, given that the average operating pressure is higher for that test,
resulting in a higher overall regression rate. The full burning of the
rear end cavity for the LP9-42 test happens even earlier, although the
operating pressure is close to that of the LP9-43 test, due to the
accelerated composition of the S3 grain.

Figure 11a shows the result of the Fourier transform based on the
analysis of the complete unsteady pressure signal. The frequency is
normalized by the first longitudinal acoustic mode frequency. All
three tests have peaks at the same frequencies associated to the three
first longitudinal acoustic modes, and the bandwidths of the three
modes are the same. The LP9-43 firing test is associated with ex-
tremely low-amplitude levels, especially for the first acoustic mode.
The signal of the LP9-42 firing test is less attenuated at the first acous-
tic mode and is even largely amplified at the second acoustic mode.

The comparison of the temporal evolutions of the maximum rms
amplitude of the unsteady pressure signals within the first acoustic
mode bandwidth is given in Fig. 11b. The unsteady pressure ampli-
tude is normalized by the P . conventional value. A very significant
reduction of instability amplitudes is observed for the LP9-43 test,
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Fig. 9 Instantaneous evolutions of the propellant regression rates measured with the ultrasonic sensors during the LP9-43 firing test.
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Fig. 10 Steady pressure evolution for configuration 2 with a burn velocity ratio of 1.12.

with the maximum amplitude being reduced by a factor of six. On the
other hand, significant instabilities are still observed for the other test
(LP9-42) and are comparable to the instability amplitudes of the
reference test for the first time period (for .4, < 1). When only
combustion of the S2 grain remains (7,4;,, > 1), another high-level
instability is observed, similar to the one observed before (LP9-
17 test).

Figure 12a shows the Hilbert transform of the unsteady pressure
signals around the first longitudinal acoustic mode frequency. The
instability levels are slightly higher for the LP9-42 test compared to
the reference test, whereas the LP9-43 test shows a large decrease of
the pressure oscillations that are no longer organized in the frequency
domain. The new instability is again clearly observed for the LP9-42
test when the S3 grain is completely burned (for 7,4y, > 1). This
instability is characterized by a frequency shift different from that
observed for the other bursts and other firing tests featuring pressure

oscillations of the SVS type. It confirms that the underlying
hydrodynamic phenomenon is certainly of a different type and could
be due to the presence of a large cavity without flow injection at the
rear part of the engine.

The Hilbert transforms of the unsteady pressure signals around
the second longitudinal acoustic mode frequency are compared in
Fig. 12b. The pressure oscillations have increased for the LP9-42 test,
whereas the LP9-43 test only shows very weak instabilities that are
unorganized in frequency.

The previous observations are also confirmed through the
application of the HRogram method (Fig. 13). This method is based
on a least-squares algorithm to decompose sounds into sines-
plus-residual models and allows computation of the slowly varying
time-dependent amplitudes and frequencies of a definite number of
distinct spectral components [36]. The significant reduction in pres-
sure oscillations through the use of fuel grains with different burn
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Fig. 11 Unsteady pressure signals for configuration 2 with a burn velocity ratio of 1.12.

velocities has been proved. However, the pressure oscillations are
significantly reduced in amplitude and become unorganized in fre-
quency only when the S2 grain burns faster than the S3 grain (LP9-43

firing test). Otherwise, pressure oscillations are even slightly increased
with a shift to the second longitudinal acoustic mode, and a new
instability appears when only combustion of the S2 grain remains.
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Fig. 12 Hilbert transforms of the unsteady pressure signals for configuration 2 with a burn velocity ratio of 1.12.
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VI. Conclusions

An important reduction of pressure oscillations is clearly demon-
strated when introducing a burn velocity ratio between the two fuel
grains. However, reduction is only observed when the burn velocity
of the upstream grain is higher than that of the downstream one
(V.50 > V. 53). Compared to the reference test case, the increase of
the burn velocity of the upstream propellant grain significantly
reduces the pressure oscillations, and the instabilities are no longer
organized along frequency paths. This has been proved for a large

burn velocity ratio, which is not applicable to a full-scale SRM but is
also for the moderate burn velocity ratio of 1.12. These results have
been obtained with the LP9 firing test facility.

In the opposite case (when V,, g3 > V), 5,), the pressure oscilla-
tions are even slightly amplified and an instability appears when the
S3 grain is completely burned and only combustion of the S2 grain
remains. This instability is characterized by a frequency shift differ-
ent from those observed for the other bursts and other firing tests
featuring pressure oscillations of the SVS type. This could be due to



the presence of a large cavity without flow injection in the rear part of
the engine.
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